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ABSTRACT

Multiple-wavelength light transmission measurements were used to measure the mean

particle size (d 32), index of refraction (m) and standard deviation (a) of the small particles in the

edge of the plume of a small solid propellant rocket motor. The results have shown that the

multiple-wavelength light transmission measurement technique can be used to obtain these

variables. The technique was showo io be more sensitive to changes in d32 and standard deviation

(a) than to m. A GAP/AP/4.7 % aluminum propellant burned at 25 atm produced particles with

d 32 = 0.150 ± 0.006 V, a = 1.50 "t 0.04 and m = 1.63 ± 0.13. The good correlation of the data

indicated that only submicron particles were present in the edge of the plume.
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I. INTRODUCTION

In today's budget concious industry, the solid propellant rocket motor is an ideal

propulsion system due to its low cost and simplicity. The major obstacle for solid rocket

motors, however, is their limited specific impulse compared to airbreathing motors. One

way to help overcome this limitation is to utilize metal fuel additives. Solid propellant

rocket motors can achieve high specific impulse with metal fuel additives such as

aluminum. Aluminum propellants also increase propellant densities and suppress

transverse modes of combustion oscillations by dampi;'g the oscillations with the

aluminum agglomerates in the combustion chamber. One disadvantage of using metal

fuel additives that cause large agglomerates in a rocket motor is a large thrust loss. The

agglomerates remain as relatively large condensed particles in the nozzle expansion

process, resulting in velocity and thermal lags between the condensed particles and the

expanding gas. Additional losses occur due to the fact that, unlike a gas, the condensed

particles do not expand in the nozzle expansion area. These losses, called two phase flow

losses, are often the largest factor in the determination of the nozzle loss coefficient [Ref.

I]. Besides causing performance losses in the nozzle, the condensed A110 3 particles are

the major source of primary smoke in the exhaust plume. This has significance when

missiles are designed for tactical purposes and plume signature is a critical issue. The

particulate matter can also have major effects upon the plume IR signature. High number

densities of particles can block gas-phase radiation from the plume. They can also be the
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source of radiation, especially the larger particles which exit the nozzle not in thermal

equilibrium with the gas. The detection, identification, tracking and targeting of missiles

that employ these propellants are all important issues in the development of space defence

systems.

The prediction of plume signature is currently accomplished using codes such as

SPF and SIRRM [Ref. 2]. The nozzle/plume flowfield codes [Ref. 2, 3] predict that the

particle size distribution within the plume is not uniformly distributed in the radial

direction. Particles larger than approximately 31A are concentrated along the plume

centerline, failing to follow the rapid gas flow turning that occurs in the nozzle throat

region. Even particles as small as lg are predicted not to follow the flow along the

diverging nozzle wall. Thus, it is expected that particles in the outer regions of the plume

will be less than It in diameter.

The particle size distribution, particle composition and particle optical properties all

have considerable influence on the plume signature. Both the prediction of plume

signature and the measurement of particle size distributions within the plume depend upon

an accurate knowledge of the particle optical properties, especially the particle complex

refractive index. For aluminum oxide the refractive index is generally believed to be

between 1.65 and 1.85, whereas the absorption coefficient has been reported to be

between 10.2 and 10' [Ref. 41. Small amounts of contaminants can apparently have a

significant effect on the refractive index. This is of importance in rocket motor plumes

since contaminants such as soot are present and the rapidly changing temperatures can

result in various phases of aluminum oxide being present.
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Larger booster motors use propellants with 14-20 % aluminum by weight, resulting

in 25-38 % of the exhaust being condensed AI20 3. These plumes are very opaque,

making optically based particle sizing diagnostic techniques difficult to employ.

The objective of the present investigation was to measure the mean particle size and

particle index of refraction in the plume of a small solid propellant rocket motor which

utilized a propellant with 4 7 % aluminum. The technique employed was multiple-

wavelength light transmission measurements together with the use of Mie code for

obtaining the mean extinction coefficients as a function of the particle size distribution,

index of refraction and wavelengths of the illumination source. This technique is limited

to particles smaller than approximately 1.0 t [Ref. 5]. For this reason and the high plume

opacity, the measurements were made within the edges of the plume. A collimated

mercury light source was used to provide five distinct wavelengths for use with a

spectrograph. A helium-neon laser was also used. Measurement sensitivity to the

experimental variables was also investigated.
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5. THEORETICAL BACKGROUND

The light transmittance technique incorporates the use of multiple-wavelengths of

light for continuous transmittance measurements through an exhaust plume containing

particles. The values of transmittance are ratioed to each other and the mean particle size

(d32) can then be calculated from the Mie theory, which describes the complex light

scattering phenomena [Ref. 6].

This procedure was successfully applied by K. L. Cashdollar to measure the mass

concentration and particle size of a cloud of smoke as discussed below [Ref. 5]. The

transmission of light through a cloud of uniform particles is given by Bouguer's law:

T--exp (-AnL)-eXP d (1)

where T = the fraction of light transmitted,

Q = the dimensionless extinction coefficient,

A = the cross sectional area of a particle,

n = the number concentration of particles,

L = the path length containing particles,

C.= the mass concentration of particles,

p = the density of an individual particle, and

d = the particle diameter.
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Mie scattering theory for single spherical particle can be used to calculate the

extinction coefficient (Q) as a function of particle size, wavelength of light and complex

refractive index of the particle. For polydisperse systems of particles, Dobbins [Ref. 7]

showed that Bouguer's transmission law could be written in terms of mean properties

T-exp[-3 (2)
2P d32

where Q -mean extinction coefficient

d32 = the volume-to-surface mean particle diameter.

Equation (2) can be put into a more useful format by taking the natural log of both

sides.

InT-Q( - 3 CmL) (3)
2 pD32

Multi-wavelength transmission measurements are made over identical path lengths

through the exhaust plume. The ratios of the logarithm of the transmissions at any !wo

wavelength is thus equal to the ratio of the calculated mean extinction coefficients for the

same wavelengths [Ref. 51.

inT(I) Q(;LI Id 32)
(InT(Aj) ) *.erlmentai' ( Q(-I, d32)) therotical (4)

The transmittances are found experimentally. A computer program provided by K.

L. Cashdollar [Ref. 5] was used to generate the mean extinction coefficients (Q ) and the
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extinction coefficient ratios ( (.)/( Q (k.)) versus d312. These calculations were made

for various values of the complex refractive index (m) of the particle and the standard

deviation (c3) of the assumed log-normal particle size distribution. If the complex

refractive index and standard deviation are correct, all the ratios would yield the same

particle size (d32) within experimental measurement accuracy.

If the size of the submicron particles thought to be present in the edges of the

plume can be assumed to obey a log-normal distribution, then there are four variables

which must be determined; d32, a, and the real an imaginary parts of the index of

refraction. The latter was assumed independent of X. Calculations with the Mie code

showed that Q was insensitive to the absorption index for the expected values between

102 and zero. Thus, for transmission measurements, the aluminum oxide particles were

assumed to have no absorption index. This resulted in the need for a minimum of three

independent log-transmission ratios to determine d32, 3 and the refractive index (m).
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IIl. EXPERIMENTAL APPARATUS

A. ROCKET MOTOR

The rocket motor used in this experiment had the same internal dimensions as the

long motor described by Rosa [Ref. 8]. The exterior of the motor was modified to

remove the windows and make the outside diameter smaller. The motor components are

displayed in a photograph in Figure I1-1, and the installed motor is shown in Figure

lI-2.

An end-burning propellant grain was used with a 2" diameter and 1" web. The

propellant was provided by the Air Force Philips Laboratory and was a GAP/AF

propellant containing 4.7% aluminum. Motor ignition was accomplished using a small

BKNO 3 igniter located near the head-end of the motor. A disposable 1000 psi burst disk

was installed to reduce the potential for motor over-pressurization. A single pressure port

was located in the combustion chamber. The pressure port was connected to a Teledyne

0 - 1000 psi pressure transducer.

The outside dimensions of the motor chamber were approximately 10.5" in length

by 3.25" in diameter. During actual motor loading, propellant surfaces in contact with

motor walls were coated with commercially available 732-RTV self-vulcanizing silicone

rubber to provide a burning inhibitor and to maintain propellant position in the motor.

The specifications and schematic of the nozzle are shown in TABLE III-1.
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TABLE 111-1. NOZZLE SPECIFICATIONS

0.50

Description Copper Nozzle

1 Outside Diameter (d) 2.12 inches

2 Length (L) 1.24 inches

3 Throat Diameter (t) 0.200 inches

4 Exit Diameter (d,) 0.381 inches

5 Converging half-angle (y) 45.0 degrees

6 Diverging half-angle (a) 15.0 degrees
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B. LIGHT TRANSMITTANCE APPARATUS

The complete light scattering equipment with rocket motor in place is shown in

Figure II-3. The overall arrangement of the light systems is seen in the photograph. The

light sources used were a mercury lamp and a helium-neon laser. The cross pattern was

used so that both light sources would penetrate the same path length in approximately the

same plume location. Specifications are given in TABLEs 111-2 and 111-3.

The light scattering apparatus is depicted schematically in Figure 111-4. The

collimated white light beam was provided by a 100W Hg lamp (Oriel Model 6281). The

ten distinct wavelengths produced by the mercury lamp are presented in Figure 111-5 [Ref.

9]. The light transmitted through the plume entered a fixed input slit (Oriel Model

77220) which was 25 p wide and 3 mm high, and fell upon the optics inside the Oriel

TABLE 111-2. LIGHT SPECIFICATIONS

White Light Source He-Ne Laser

Manufacturer Oriel Spectra Physics

Model 6281 147

Type Mercury Arc He-Ne CW

Output Power 8 mW

Beam Diameter - 0.92 mm

Wavelength 0.365, 0.4047, 0.4358, .6328 Ip

0.5461, 0.577
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TABLE HI-3. MULTISPEC SPECIFICATIONS

Design Crossed Czemy-Turner

F number 3.7

Focal length 125 mm

Grating type Plane (Holographic)

Grating mount Kinematic

Drive Micrometer (Calibrated)

Optical Axis Height 1.78 in (45.2 mm)

Dimension 6x6x3 inch (150x150x80 mm)

Weight 3.3 lbs (1.5 kg)

MultiSpec spectrograph (Model 77400). MultiSpec was designed to be compatible with

linear diode array detectors, and has a flat focal field for use with diode arrays up to 1

inch (25 mm) long. This instrument has a low F-number of 3.7, a focal length of 125

mm, a grating (Model 77420) with a spectral range of 250-800 nm, and a flat focal field.

Gratings are selected to permit use of the wavelength band of interest. The photodiode

array employed was a Reticon G-series solid state scanning device consisting of 1024

photodiodes on 25 micron centers. The response characteristics of the diode are presented

in Figure 111-6. With these characteristics only five wavelengths of the Hg source could

be detected. The overall length of the array was one inch.
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An 8 mW He-Ne was also used to penetrate the plume. The 0.6328 g wavelength

was used to provide a longer wavelength than that detectable by the Multispec system.

A Newport photosensor diode was used with a narrow-pass He-Ne filter to eliminate

ambient/plume light.

C. DATA ACQUISITION AND REDUCTION

Details of the data acquisition system are presented in references 8 and 11. A

Hewlett Packard HP9836S computer served as the system controller for the diode array

of the white light source. Data was converted from analog to digital and stored in a

HP6942A multiprogrammer. The HP9836S has two internal disk drives which were used

to store data after acquision. The program written by Harris [Ref. 11] was revised for

this experiment and is presented in APPENDIX B. An electrically operated shutter was

installed on the outlet of the white light source. Eight consecutive scans of the

photodiode array in the exhaust were made with the shutter open, followed by four scans

with the shutter closed to determine if significant radiation from the plume affected any

wavelengths of the light source. An IBM PC AT computer was used to take data from

the He-Ne laser. The point during the firing when the data was taken was also controlled

by the IBM computer. This was accomplished by monitoring the motor chamber pressure

and specifying a time delay after steady state operation was obtained.

The data was reduced in accordance with the revised computer program of Rosa

[Ref. 8]. The multiple photodiode scans were averaged and the resultant scan was plotted

11



on a graph of voltage versus photodiode number. The digital data was also recorded.

The experimentally obtained log-transmittance ratios were compared to the theoretically

generated extinction-coefficient ratios from the Cashdollar program. The computer

program provided the extinction coefficients vs. d32 as a function of standard deviation

(a) and refractive index (m) for each wavelength. The computations were repeated for

different values of a, refractive index (m) and d 32 interactively at the computer terminal

until the theoretical data and experimental data coincided. Estimates for the initial values

of the standard deviation (a) and the refractive of index (m) were chosen from the

literature.

12



Figure III-1. Photograph of the Motor Components

Figure In-2. Photograph of Installed Rocket Motor
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Figure 111-3. Photograph of Light Transmittance System
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Figure 111-4. Schematic Diagram of Light Transmittance Apparatus
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IV. RESULTS AND DISCUSSION

A. INTRODUCTION

The purpose of this investigation was to measure the Sauter mean diameter (d32) and

to determine the refractive index (m) and the standard deviation (F) of an assumed log-

normal sizC distribution of particles in the exhaust plume of a small solid propellant

rocket motor. The exhaust plume can contain a broad range of particle sizes, ranging

from 0.01 g. to greater than 15 g.. However, most of the particles are thought to be

smaller than 1 g. in diameter. Mie theory [Ref. 61 was used to find the extinction

coefficients as a function of d 32, ,, m and a. A mercury light source was used to provide

multiple wavelengths for transmission measurements. Although the mercury lamp emits

ten distinct wavelength peaks, only five were measured due to the diode insensitivity to

the UV (See Figures III-5 and I1-6). Ten independent transmittance ratios could be

obtained from these five wavelength measurements. Initially, a He-Ne IR (X=1.525)

laser was also used in an attempt to provide a wider range of log-transmission ratios.

However, the particles were small enough to result in transmittances of nearly 100%.

Measurement uncertainty prevented use of this data. On the last test a He-Ne laser with

X=0.6328 was used. Although the measured transmittance was quite high (-96%) the

data correlated well with that obtained using the Hg light source. Use of the sixth

wavelength resulted in 15 (vs. 10) independent log-transmittance ratios for correlation

with the extinction coefficient ratios. Because the extinction coefficient ratios become

17



insensitive to d32 for d32 greater than approximately 1 g, the measurements had to be

made in the edges of the plume where the larger particles are not thought to be present.

B. SYSTEM CALIBRATION

The computer program written by Harris [Ref. 11] for recording, reducing and

plotting the data from the linear diode arrays was modified for this investigation. In this

investigation measurements were first made of the intensities with no particles present.

During the motor firing the transmittances were measured twice, once with the light

sources on and once with them off. The latter measurement was made to determine if

significant radiation was emitted from the plume at the wavelengths of the light sources.

The diode array was first aligned so that the five distinct peaks of the mercury light

source were correctly positioned. To determine if the system was operating correctly, it

was checked using a neutral density filter with a 30% obscuration. A measurement was

first made to provide the intensities of the illumination source as a function of

wavelength. A second measurement was then made with the neutral density filter

inserted between the light source and the diode array. The transmittance at each

wavelength was then calculated by dividing the second measurement by the first. The

results showed that the diode array and data acquisition system worked correctly.

C. ROCKET MOTOR PLUME DATA

Seven experiments were conducted and a summary of the motor firings is tabulated

in TABLE IV-1. Due to system failures, no data were obtained in four of these tests.

18



TABLE IV-1. SUMMARY OF MOTOR FIRINGS

Test No Max Press Location of Hg Light beam Remarks

1 _ 6" from Nozzle Data Trigger -
1.0" above center failure

2 370 psig " 1st Data

3 _ It Data Trigger -failure

4 385 psig " 2nd Data

5 _ 13" from Nozzle HP Computer -
center of plume failure

6 410 psig " Contaminated -
Windows

7 330 psig 7.25" from Nozzle 3rd Data
1.0" above center

8,01- 7.25" =;4

6.0"
0-0

FIGURE IV-1. Configurations of the Motor and Plume
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The exhaust plume was initially video recorded from above with a scaled plate

positioned beneath the plume to determine the ideal positioning for the measurements.

A sketch of the motor and plume is shown in Figure IV-1. An IR camera used in a

related investigation also located the afterburning region within the exhaust plume. It was

desired to make the transmission measurements in the outer regions of the plume to

reduce the possibility of having large particles present and not to be within the

afterburning region where high plume radiation is present. However, it was necessary to

be close enough to the exhaust nozzle as possible to provide as steady a plume flowfield

as possible. The measurement locations are shown Figure IV-i, 16-19 nozzle exit

diameters (6-7.25") downstream and 5.25 nozzle exit radii (1.0") from the plume

centerline.

The "lights-on"/"lights-off' measurements during the motor firings indicated that no

significant plume radiation was present at the measurement location for the wavelengths

of the illumination sources. Each run, therefore, provided two sets of data; one for 100%

transmittance (before the firing) and the other with the plume particles present. Eight

scans of the diode array were taken in 0.24 seconds. Any obviously bad scans were

eliminated and the remaining scan voltages were averaged. The analog results are shown

in Figures IV-2 through IV-7. The digital data was also recorded and is presented in

APPENDIX A. Peak voltages on the array for each wavelength generally occurred over

several diodes. During a motor firing some steering of the illuminating beam also occurs

due to density gradients in the plume. The unsteadiness of the plume also resulted in

some fluctuations in both the peak voltages and the diodes on which the peaks occurred.

20



TABLE IV-2. DIODE READINGS AND TRANSMITANCE

Wavelength, X=.365 k=.4047 k=.4358 k=.5461 k=.577

W/O Plume 217-221 341-346 436-448 789-798 888-897
(.00520) (.00542) (.00531) (.00625) (.00645)

With Plume 213-222 339-346 436-446 787-799 890-901

1 (.00460) (.00494) (.00491) (.00600) (.00622)

Transmittance 88.46 % 91.15 % 92.49 % 96.0 % 96.46 %

W/O Plume 219-227 344-348 439-446 787-802 887-901
(.00481) (.00468) (.00554) (.00608) (.00559)

With Plume 220-228 345-348 438-443 789-799 889-898

2 (.00430) (.00430) (.00515) (.00588) (.00543)

Transmittance 89.37 % 91.88 % 93.0 % 96.72 % 97.08 %

W/O Plume 214-224 340-343 434-444 784-799 885-899
(.00568) (.00475) (.00568) (.00616) (.00563)

With Plume 217-223 340-344 438-444 789-800 888-903
3 (.00460) (.00400) (.00491) (.00575) (.00532)

Transmittance 80.96 % 84.21% 86.52 % 93.4 % 94.42 %

TABLE IV-3. LOG TRANSMISSION RATIOS

1st run 2nd run 3rd run

s77oso)/. 0.294 0.264 0.272
)/'h_3. 0.333 0.297 0.323

) t-oA.W7) 0.389 0.350 0.334
.)0WA.,. C.441 0.394 0.397

)XSMoA. 4SA) 0.462 0.408 0.396
_46I/43) 0.523 0.460 0.471
.,358A 36.O) 0.637 0.646 0.686

0.756 0.754 0.814
)'.435')(. 0  0.843 0.857 0.843

)'3577o Aw 1) 0.883 0.889 0.841
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In general, peak voltages were present on several diodes and then dropped off rapidly on

either side. These peak voltages were then averaged. The diode numbers for each

peak,the average voltages and the calculated transmittances are presented in TABLE IV-2.

TABLE IV-3 presents the log-transmittance ratios.

Assuming the refractive index (with absorption index - 0) of the plume particles

was independent of wavelength, extinction coefficients were calculated for each

wavelength using the Mie code [Ref. 5] and are shown in Figure IV-8. Extinction

coefficient ratios were then calculated as shown in Figure IV-9. The unknowns to be

determined were m, a and d32. This was accomplished in an iterative manner, starting

with expected values taken from the literature. The iteration scheme is shown in Figure

IV-10. In order to determine the best fit with the experimental data, a regression analysis

method [Ref. 12] was used. The log-transmittance ratios were plotted against the

extinction coefficient ratios. A linear least-squares fit of the data was then made; a perfect

fit having a slope of unity and an R2 of unity. R2 is defined by

2 =____-vrai

E (y -y- Total -Wariafon

"R2 can be interpreted as the fraction of the total variation which is explained by

the least-squares regression line. If the total variation is all explained by the regression

line, i.e. if R2= 1, we say that there is perfect linear correlation (and in such case also

perfect linear regression). On the other hand if the total variation is all unexplained then

the explained variation is zero and so R=0. In practice the quantity R2, sometimes called
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TABLE IV-4. REGRESSION ANALYSIS FOR THE RUNS

1st plume 2nd plume 3rd plume Remarks

X-Coefficient(slope) 0.8589 0.8841 0.8759 d32 =.09
1 Err from Slope 0.0289 0.0176 0.0229 o =1.5

R squared 0.9455 0.9809 0.9671 m= 1.7-Oi

X-Coefficient(slope) 0.9263 0.9512 0.9434 d 32 =. 12
2 Err from Slope 0.0172 0.0118 0.0131 o =1.5

R squared 0.9790 0.9905 0.9883 m = 1.7-Oi

X-Coefficient(slope) 0.9991 1.0235 1.0162 d32 =.15
3 Err from Slope 0.0129 0.0231 0.0186 3 =1.5

R squared 0.9868 0.9599 0.9736 m =1.7-Oi

X-Coefficient(slope) 0.9061 0.9310 0.9231 d32 =. 15
4 Err from Slope 0.0203 0.0117 0.0154 o =1.3

R squared 0.9716 0.9910 0.9841 m =1.7-Oi

X-Coefficient(slope) 1.0628 1.0860 1.0785 d32 =.15
5 Err from slope 0.0219 0.0395 0.0357 a =1.7

R squared 0.9553 0.8622 0.8855 m =1.7-Oi

X-Coefficient(slope) 0.9959 1.0199 1.0121 d32 =.12
6 Err from Slope 0.0102 0.0229 0.0208 a =1.7

R squared 0.9916 0.9596 0.9662 m =1.7-Oi

X-Coefficient(slope) 0.9663 0.9904 0.9824 d 32 =. 15
7 Err from Slope 0.0092 0.0169 0.0176 o =1.5

R squared 0.9935 0.9790 0.9769 m =1.5-Oi

X-Coefficient(slope) 1.0174 1.0417 1.0346 d32 =.15
8 Err from Slope 0.0155 0.0271 0.0214 3 =1.5

R squared 0.9805 0.9433 0.9641 m =1.9-Oi

X-Coefficient(slope) 0.9736 0.9976 0.9895 d32 =.12
9 Err from Slope 0.0816 0.0186 0.0191 a =1.7

R squared 0.9948 0.9744 0.9723 m =1.5-Oi

X-Coefficient(slope) 1.0266 1.0505 1.0429 d32 =.12
10 Err from Slope 0.0146 0.0296 0.0259 a =1.7

R squared 0.9818 0.9294 0.9451 m =1.9-Oi

X-Coefficient(slope) 0.9771 1.0000 0.9931 d32 =.15
11 Err from Slope 0.0100 0.0182 0.0170 a =1.5

R squared 0.9925 0.9763 0.9782 m =1.63-Oi
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the coefficient of determination, lies between 0 and 1" [Ref 13]. The particle

refractiveindex was varied from 1.5 to 1.9 and o from 1.3 to 1.7 (see TABLE IV-4 for

representative results). This iteration process was accomplished using the ten wavelength

ratios provided by the mercury light source and resulted in d32=0.15 , o=1.5 and m=1.63.

The extinction coefficients and extinction coefficient ratios shown in Figures IV-8 and IV-

9 were calculated using these values.

In the above process it was necessary to estimate how accurately the values of d32,

a and m could be determined. This was accomplished by perturbing each variable

independently about the nominal values given above and observing the changes in the

plotted fit to the data and the values of X-coefficient. The results are shown in Figures

IV-11 through IV-13 and in TABLE IV-5. From this analysis, for 1 % variation in X-

coefficient (Slope) the measured values of d32, a and m were determined to be as follows:

d32 =0.150 0.006 i

o =1.50±0.04

m = 1.63 , 0.13

It is seen from these results that the multiple-wavelength transmission method (for

the wavelengths used and the particle sizes present) can determine a and d32 quite

accurately and without much sensitivity to m. The refractive index cannot be determined

as accurately using the present system.

Using the above values for d32, a and m, the data from all three motor firings are

shown in Figure IV-14 for the five wavelengths of the mercury light source. The test-to

test data were observed to be very repeatable. Another aspect of the technique utility is
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TABLE IV-5. ESTIMATES OF MEASUREMENT ACCURACY, RUN 2

X-Coefficient (R2) Estimated Accuracy
(1 % deviation)

Sensitivity to d32 (Fig. IV-11)
= 0.144 p 0.990 (0.980)
= 0.150 g 1.000 (0.982) ± 0.006
= 0.155 g 1.016 (0.963)

Sensitivity to a (Fig. IV-12)
= 1.47 0.990 (0.971)
= 1.50 1.000 (0.982) ± 0.04
= 1.54 1.012 (0.967)

Sensitivity to m (Fig. IV-13)
= 1.50 0.989 (0.979)
= 1.63 1.000 (0.982) _ 0.13
= 1.70 1.023 (0.959)

related to the accuracy of the measured transmittances. The required accuracy increases

as X increases and as the spread between the X's decreases. This can be seen in Figure

IV-14. The accuracy of the transmittance measurements was approximately 0.5 %. The

resulting uncertainty bands for lnTr(Q,)/lnTr(X1 ) are much less than for lnTr(%5)/lnTr(X,)

where the wavelengths are much more closely spaced. The difference in wavelengths

between X and X4 and between X3 and X2 are approximately equal (.031 p.). However,

the log transmittance ratios for the lower wavelengths result in less uncertainty due to the

lower values of transmittance. The data obtained in test 3 using the fifteen log-

transmittance ratios provided by both the mercury and He-Ne light sources are shown in

Figure IV-15. The additional ratios correlated well with the ten mercury lamp ratios and

increased confidence in the data.
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Figure lY-lO. Iteration Flow Scheme
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V. CONCLUSIONS AND RECOMMENDATIONS

The results of this investigation have shown that the multiple-wavelength light

transmission measurement technique can be used to obtain the Sauter mean diameter and

standard deviation (of an assumed log-normal size distribution) of the small particles

present in the edge of a plume from a solid propellant rocket motor. The technique was

shown to be more sensitive to changes in d32 and a than to m. The values measured for

A120 3 in the plume of a small motor using a 4.7% aluminized GAP/AP propellant were

d32 = 0.150 -, 0.006 pt, a = 1.50 -, 0.04 and m = 1.63 ± 0.13. The good correlation of the

data indicated that only submicron particles were present in the edge of the plume.

Subsequent work should consider the employment of shorter wavelengths in order

to provide lower transmittances. This would result in reducing the uncertainties in the

log-transmittance ratios which occur when the measured transmittances are high and not

adequately separated. This could be accomplished by changing the grating and by using

a diode array which has appropriate spectral response in the UV. In addition, more rapid

scanning of the diode array would permit a larger number of sweeps to be made in a

shorter time. This would reduce the effects of plume fluctuations during the

measurements and would provide a larger sample for data averaging.

40



APPENDICES

A. DIODE READINGS

I ST RUh J/0 FLLME DATA ~
DOE VLAE780.0 .0025

781.0 .3030
210.0 .0635 782,0 .0030
2611.3 .0030 783.0 6000
212.0 .0125 784.0 .0840
1213.0 .0135 785.1 .0035
214. 0 .0130 786.0 .0045
215.0 .0045 787.0 .3055
216.0 .0045 78.0 .0150

21.0.855 .789,0 .0065
L v 790.0 H07 0

219. .0045 791,0 M005
2.0.6050 792.0 C-075
22'.5.355 73.0 QQL'i
22.'0335 '794. 0 .0140

223.o .0045 795.0 .3060
2.0.0084' 796.0 O .05
22.3.00E 797.0 .0060

135.0 .6335 798.0 .0080
33L.0 .0035 759.0 .0055
337 .0 .0135 801.0 .0045
M3.0 .1031 801.0 OE5
339.0 .0840 802.8 .0M40
340.0 ME~3 803.0 .0045
3411.0 050804.0 .0035

3420 .055805.3 .00215
343.0 .6855 586.8 .0340
344.0 .6055 807.0 .6035
345.0 .006C 808.8 .0825j
346.0 .0050 809.0 .0030
347M .0145 8.6 .0130
348.0 .0045 880.3 .0040
349 8 .0145 861.0 .C035
Mid. 0 .0030 882.8 .0035
351.8 .0140 883.8 .0035
3c.2.1 .1035 884.0 O8C40
353.8 .0135 865.8 .Do85 0
354.0 .1035 886.0 .0045
432.0 6002 887.0 W050
433.0 .8035 B88l0 .0070
434.1 .0135 E89.0 .0876
435.3 .1040 890.0 ,0063
436.8 .0166 891.8 .0L055
437.0 .08U5 892.0 .8060
438.0 .0155 893.0 .0070
4.39.0 .0050 894.0 .8060
441.1 .6145 85.8 .0655
441.0 .0055s 896.0 19070
442.8 .0170 897.8 .0165
443.0 .104a 898.0 .1060
444.8 .050 899. .0055
445.5 .0855 988.0 .0155
446.5 .0850 901.8 .0175
447.1 1.0S5a 9823.8 .0165
446.3 .0155 913.8 .0850
449.0 .0045 904.0 .0655
4515 .0835 905,0 .0835

41 906.0 .1015
917.8 .0130



q DIODE u. VOLI AGEX*

210,) ,0 33 780.0 0033
210 .0 26 791.0 0.33
1 0 .3 72 0 OL40

0 ~.034121.4 0 03 78-a, 0.04

'IS,0 ,00'os 7E0. 0,0 ..19,0 0043 787, 00

-0,0 ,04 7?0.1 . 0
.21 0 05!." 771 0 ,

2 0 792.0 C C
40 .004C 79,9,
4750 , 704.

.3,034C ... 0 , 0160

127 0 90 7,,905
.7,0 , ,

2 801,0 ,02

2,2, .9349 . .!007

2P2.0 UuL0. .012:2,},0 803.0 ,013,8
3 35,0 8P4,0

333.027 , 0 , '.2:805.0 .9027

33'., 80/., ,003 0
3J8,1 ,7fu 907.0 1111,18
337.0 .31W Bic 0 ,0130
30 8059.0 .0013
341.1 ,'i 910.0 .0027
342 ,0 0040 88,0 .0027
343,0 , ,] .81,p .0019
314.5 004 880 ,027
343,0 0130 9P3,0 A03
346 0 8.6.0 .0047
3071 .39850 .0055
3490 .14: 8?6,0 .0018
347.0 A03 887 0 .0047

,..30 8830 , 0,13
889 0 .0040

152. 0 ,0 I 8,0 ,
35" 0 .0033 891.0 ,fl5
-.4.0 .0047 802,0 0070
43. 0 .0A27 873.0 .0t65
431.0 ,C125 .009403
132.0 .0l7 895,0 .0063423,0 ,032 875.0 .0,..,

134.0 ,010A 897,0 ,0P53
43 .0 .0043 878,0 ,00'7
43.0 ,0050 895.0 0057
437,0 ,0S5C 990.0 0063
.8,0 .3053 901.0 ,060
435.5 .047 902.0 ,0338
440.0 ,50 9M3.5 .0043
441.0 .04 04.1 *0tU43
44.1 .50 ?06.0 .0031
444,0 .0150 9M7.1 .0033
444,0 ,079 508.3 .0035
4450 .50045 49 1 .0047

447.0 0143 910.0 ,OOZ7
448.0 ,0038
449.0 0136
450.1 ,0033
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-A i0 iN J40 ?LJMiE ATA 

Ak DIKUE v., VOLTAGE .

.0 .([30 730 0 .003
7 781.0 N327

1 2 u, '2.0 .A030
: [,,A .,3' 83.3 .3633
214.8 0f.3, 784.0 02T

A .37 795.3 .0,37
21 ,.0 7.96.8, , 3

'17,0 'N43 787 0 .0053
210 6;43 789.0 .0050
219,0 A,053 789.0 .0160

, 0 .004, 790.0 ,5860
21 ,.050 791.0 .0067

0 ,053 792.0 017'3
TO0 .0053 793.0 ,0360

24.0 .0847 794.0 ,0363
22S0 , 4o 795.0 ,0070

L K.47 "96.0 '5067
27 A A.o 797.0 .063
LOS. .6043 758.0 .0063
9 o .043 799.0 .0067

"33 800 .0057
23, 8 . 03. 801.0 .0019
.32.0 602.0 .0050
2'3, a837 803 0 ,.043
3 0 804,0 .043
16. 0 .3047 805.0 ,0033
337,0 .00.37 86.0 .0043
338.8 .37 87.0 ,0030

3T,0 IS0 88.A .0033
340A . 3) 309.A .023
3tA .. 543 810,0 .003;
i2, .3040 8 D, 00030
DEG A13 8S1.0 .0630
344,) .A47 82.0 0027
34.0 .053 983,0 .06278-6 I,,4 84,0 .0027
346 A 047 8850 .0027
317,0 .0047 886.0 .0027

349.0 03, 88970 .0047
3.0.8 .0037 889,0 .0037
W51 A AM04 889,0 .0047
35. 891.0 A0060
3.8 ,J030
38591 0 .0060
33.0 ,037 892.0 .0087
416.0 .0023 83.0 , 057
430.3 .547 894.3 ,,067
430.0 02 895.0 .0070
433,0 .M3 896.0 0067
.0 00 897.0 .0060

434SA 01033 899.0 .0043
436,0 ,047 899.0 .0050
43'6.0 .0037 900.0 .0040

.!S,0 0143 901.0 .0547
439 0 .1050 902.0 .0
4.0 .0056 903.0 ,0037

.t A AM 904.0 .0043
5 .6357 905.0 0127

443.0 ,4003 906,0 .0040
4;4.0 90 ,8 O27

445.3 969.A .0037
445.0 ,85? 909.0 .0027
44A .053 9100 .0630417.0 ,.,14790.,O3

4,8.0 047
449'a .0 027
455.0 .0033

43



1* 1 Y'U JITH PLUME DATA **

*4 DIOE vs, VILTAEX

-,)- ,02-3 781. ,  C0 "
213, 0 ].C7, 0 0Q2:

216.0 .- 7 0 ,002

2-18,0 .G509
22H.0 .24' , "

221.0 .004).0

222.0 ,C5 . 79,0,08

22. .10799.0 ,0057
2'27,0 , L130 nno 0,003P
230.0 .0Q30 -
231.0 ,0 35 8 ., .0045

32.. 0 . 030 ,0057

316,0 01-0 3,,0 .9050
337.0 .030 8,0

339.1 ,0 30 8. 8,0,03

3.40,0 0oo3 8107.0 ,f0:53-,0 003 080.0 ., t0
343~, 03581043

8~.0

3 ,.. 0 F008el'1,48 .023

347.0 ,.0035 85,0 .0C2"0341,0 0043 '
34;7 -0 .0033 3.

3'38,0 03. 8 0 , .,0

3W,0 .0133 880 .00

ZSO, 0 0033 899.0 , 4

351.0 .0027 88'. 0 .0)50
352.0 .0030 990.0 ,00573J3.0 .0025 891,0

9 p20 ,0050
430, 0025 93.0 012
'31.0 025
432.0 .01325 995 0 ,004,
3.0 .0033 897.0 .1D07

434,0 .0043 8,0 ,0053

4.589?,.0 ,0045]4i. 0 .004 900.0 ,133

.3, 0940 901,0 ,('113438.0 050 ?OT20 ,1)04

43 9,0 ,(50 903.0 ,0033440,0 .0045 904.0 0033

441,5 ,0053 905.6 ,012544-.0 3053 906c .3023
4r3,0 .0F 9570 Coco.
444.0 .043 709.0 ,0035
445, .0040 909.0 '000
146,0 .0045 1,0
417 0 .025 t1
41.,0 .0033
4.9,0 .0040
450.0 .0033
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3i 3@D dUN ,' ?LU*" , 'AG ,

A OLE v., =,ITAlE xo.

2 & a 3 780,0 .0035
C 'i4 .81.0 0035
212.3 VI, 732.0 .0030

783.0 0040
3, ,3 764,0 050u *o 785,0 .6055

786.0 .6065
., "'780 0060

218.0 ,0 5 7EB.O 0065
9A " , ,89.0 .00L5

2 3.3 3 70 790,0 0065
6, .C 791.J .0075

'5'0 .70065
A- '] 0 ,,4 5 793,0 ,0070.0 , O&..

.4,3 794.0 .0355
-- 0 795.0 0670
a " 797,3 .0065

.. 758.0 .0050
.9. 6 U35 799.0 .0050

U j0, .0025

2.0 ,J00 804,0 .0030
3'5 0 .3035 05.0 .0040

.... . .0,.,

*3] , 0 .034C 808.0 ,u0630

3. 04 8.19.0 .0040
i1.0 50810.0 ,A025

04L , 04 8810302
I 0 ,3 [ 82, 0,O

B83.0 6075
:4;30 . 30 884.3 .053z
3.7 u,35 885.0 .0650
8 886.0 .005J

3411 A04 887.0 .070
,Z '- ,)4d 888.0 .0055

!'51.0 .0040 889.0 0065
;r , 0890.0 ,0060.. 3{5 891.0 .006032.3 AL 892,0 ,006074.0 (it 3G 896.0 ,005

., .040 894,0 .0060

411,0 39OJ8.0 ,005043,0, 899.0 ,0045

432.3 90.0AS3

S3.0 .005 90 000897.0050 .6
,3, '.005 899,0 ,1650

40.0 006. 904,0 .025

41.0 .0050 901,0 ,0;30
44.0 .902.0 .0030
443.0 0565 901,0 003S

4410 6050 9040 0035
'0 965,6 ,0O3

44',0 , 035 90.,0 ,0030

448,0 .05444 . 05 907,6 ,0636
444A, ,Jo4 908 0 .A035

909, 0 01O30
44 .0 a,0]45 910 0.0 3
44',. AM,0

448,0 .045
19,0 .0u5454,.0 , 0635
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3D WJN ITFI PLUiE D .TA x*

i* DICDE vs. VtLTAGEx*

210,0 .u23 780.0 ,.0030

_OK 0 .0523 781. ,0027
2!2.1 ]03 582.0 H(03 0
23,0 .(1037 7ow '0 ' 0031]
C.783, .003

P43 ,37 784 ,047

217 c .3j943 787.0 .0040
2118 053 78,0 .0637
2 0i 5 ,(143 789.0 W3

0.0 .010 790,0 060.00 0 791.0 ,003
0050 792, 0 00. 0

30 0043 793.d , O60
-, 794,0 G0350
F5 0 PQ 40 795.0 .0067

, .0053 7970 .005,;
2747 6ao797,0 ,0228,'J J'30 80, 3

3 ;2799.0 .0053

113 3 . .0801, .0 0050
Li1,3 003( 801,0 ,004?

L 0 .o;50 80.0 ,043
,33 E33,£ , 043

3 IS 3, 'q,53 805,0 .03f
)l J .033 805.0 ,0033

.00'27

309.0 .0330
341, . 40 816.0 .0327
' 42.6 ,% )'47 8.10.0 A5027
i4l.O 3 ,0 3 881, 03

344.0 .0343 882.0 0027
.,,37 883.0 0M-7

.4t 884.0 .0033
]47.0 ,C.ofa 885.0 AM,4

3;S.0 ,IA08E,0 .0037

349.0 .,J3 887.0 .0533

13.5.0 ,0930 888.0 .0040
341.0 .0033 8E9,0 .0140

352.( .6430 8900 .0043
3.3, M7 891.0 0060
3 -4 0 037 892 0 .0057
3A0 0633 853.0 0160

0 (36 894 0 .5067

,31.3 .0033 895.0 063
-3.5 .0033 897.0 .0 3

-037 897,0 .0657, .LOa,-9. . .005.7
.0 A,030 859.0 .057

l-z;0 .0037 0 .. 0 0

4180 .47 9010 A47

439.0 6f053 902.0 .0043

440.0 0047 903. .0147

4410 .656 904,A .3033

442. -3057 905.0 .0630

4. 0 . b47 90,O .0030

414 0 .0,343 97, .0130

4A50 ,0037 908,0 .3033
446 1 .0043 9G9.0 .0927

447 0 ,0M4% 910,0 ,0030
448.0 a 07
449.0 E 1 3
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B. DATA ACQUISITION PROGRAM

4013 WxYMY1 HIAtEN,VELL0 WRR1SJ1IM H-JI 19;71 ~wx
v0 OeI'TOIN ?AqE I

nP'FFE,(4'6) UFFEP,C 4070 )fEEDq [ER D(ER
8 ASSIG?! 7MuI t 11 TO 72310 C11.EAPS TFE A:E-UF SEFQICE ;E_7E3T
50 ENTEU OF THE ULTIPFrR1 4EF
100 MAT ,ddr I )q ZERLS THE ARA( :OR ,EE.UGGitIG
12 0 LOAL LOCKOUT 7 DI:AELES FRONT PAN'LS OF DATA A2'QUISITION SfSTEM
130 REMOTE 79
141 OUTPUT 707;A0 ,'rALOS RESET FEtIS ,LL CRIANJ,:FLS
160 VEPT1E 722 .tIOTE IS 4 LISTEN CLCMAND
10 O'JT f 72,2 ISOO .OI1DIL!ZOFIFLOPIST J."I3TIT3' !PROGRAM VOLTMETER
19 I H homes the I'VM ,(like RESET) SMO02 sets ,ne servive reouesi mask tc
1?70 tell the comoutr that a .easjremnt ;)s take, and is ead' o be reed,
20 9 Deqe 3-26 of DVM VANUAL. SCI means that no readinc will be taken until
210 the ccDputer receive; !)e .3ne just iade(vale 3 261, DI neans DIPLAY ,1.
220 ! LI means load the foilwing instruction., LO means AUTO ZEF6 OFF For
230 faster but less precise .e4dings, FI ?eans C )OLT3 measurement,
240 FLO reans FILTER OFF for faster readings, RI is AUTO RANGING, ISIN ,eans
L_1 1 readinq will le taken for each triqer, *OISTI---.Olpowerline cycles
260 ! will be the integration time, T3 is asingle trigger, t means END
2"0 PRINT USING *3/"
2"0 PRINT "ENTER THE FILENVMES OF ;HE EATA :ILES TO BE CPEATED ,e.q. 1AW1,3AW2)"
M PRINT * 12 CH,4RACTERS MAXIMUM, EACH"
AD PRINT USING /o

310 PRINT AN EMFT DISK MUST BE IN THE LEFT DISK DI)IE

fi U THE DATA FILES JILL NEAKL1 FILL I DISK'
240 PRIT USING "I"
33. KASS STOPAGE IS ':C980 702" CHANCE TIS LATER IF NECESSARY
360 INPUT " IIIAT FILE NAMES NOW - (FILENAMEI,FILENArE2) ",D1$,D2
370 0,51024
393 Zz$=*:INTERNA, 4'1" 3TRING INIICATES MASS STOFAGE
378 CREATE FDAT DiIWz0614446 12 SCANS OF 1024 @ 2N8 PYTES FER RECORb
• ID0 CREATE BDAT D7)$&Zz$,6144,1 10,4121 2/:-NUMBER OF RECORDS=6144)
410 PRINT USING I"
42; PRINT DATA JILL 3E STORED ON DIEKETTE7 WITH FOLL.UINS FILE NAHES:"
430 PRINT USIiIC "/
410 PRINT NO ?ARTICLES ---- FILENAIE '";
4TO PPIVT PARTICLES ------- FILENAME ";D25
431 CUTPUT 707-"11,2' OPE! SHUTTER
460 PRINT USIN6 "/f
470 PRIIT ' IS THIS A CALIPRATION 7 ENTER f ' IF YES
4B PRINT' ANYTHIhG ELSE IF ACTUAL RON"
47 INPUJT R$

500 PRINT USING "i"
510 PRINT BE 3URE LASER IS ON'
520 PRINT ' PRESS [COHTINUE) WHEN READ(f
530 PAUSE
540 IF RI:'Y' THEI 740
550 PRINT USING 1'
!60 INPUT "ENTER THE THE TRiGGER VOLTAGE",Vt
550 OUTPUT 709;'AC20' ICHANNEL FLT CHAMBER FREU E
601 AIT 3 1 THIS WAIT 15 TO LET JULTAGES SETTLE DUVN
610 VI:O
6.I CLEAR 722 THIS DOSS 'OT ALTER THE INSTRUCTIONS FOP 'HE 'OLTrKTER
f30 'IT CLEARS ANY NUMBERS IN THE DISPLAY OR OUTFUT REGISIERS
641 FOR =l1 TO 10
650 OUTPUT 722 1"X1" !TRIGGER JOLTOETER
660 GOSUB Reading 'READ VOLTMilTER
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673 VI=VI+U
i89 NEXT I
693 Vz=V1l0 THIS AYERAE.ES RFADINSS TO SET A ZER-0 ?PESSURE VALUE
?(l PRINT tIG"fli-r" ZERG PhESSURE YL'I.CL IS ,Vz

31 Pl~P.T DATA ACQUISITIGA EGINS W1E1 'jOL -1 E EACEEDIS 9it
'74(1 I;7h1=D1 NO-PARTICLES STRINt NA~ME
7'0 CG UB .1uliproq TAXES tW-PARII CLE
70f CoSLI Srcn~aa

l7 Fliz'; TiiEN 910 IF CAL 1RATICH THN ;-KIP S OME LINES
7SC ,R IJIT *It~ Wj
M P pR I KE SURIE NITROCEN IS CWt

800 R, 'TEI SbiRE VISIJORIER IS SET UP T6 RUh ON PROPER SCALE ULTHi LAMP ON.'
810 P iN T jEING P"
82 0 DIEP STANDING~ BY 'OR iGNITION'

630 PilJ S1AN i l -iOR IQNITIOtf
840 FEEP 2000,.1
350 ClIIPUT 70,mAC26* SMrINECT PRESSURE ADUCER TO DVM
860 C IE 'MR "1,2
870 UAIT .3
680 OJLI~.- 722i"X1 1RIGGER )OLTVIETER
900 R94 g'-z !THIS IS JOLTAGE ZORRESPOtIDING W0 PRESSURE
910 FWitT R9
920 IF M9)t THEN GOTJ 530 IF PRESSURIE :5-BELOW THRESHOLD ? RESSIJRE --REPEAT
921 LISP "
M O3TI ElATE
940 L'AIT TE- 113 ALLO.S F R .13 QECONDS TO PROGRM iEMORY ARDS
'D IF Rifi 'N 1 0f20 'iF ACTUAL RUN ThEhi SKIP SOME LINES

960 1 FOR :'ALil;4RATIO:JS NiODIJCE ?ARTICLES Ard WHN CONTINUE

990 pRIlI7 ' iaTRODjCE -ARTICLES 'HlEN PREQBS KEY 1 9 TO TAKE DATA'
100" ON KLY LABEL *TAKE DATA' GGIO 1u2C
101.1 Stindby; ;OTO STaridby
1020 MII UBultiprog TAKE ?ARTICLE DATA
1040 iP$PARIILE DATA FILE NAME
1050 COSUP 3tanedata
130t PRINIT 'ELAPSED TIME FROM ?FTELSURE TO END OF TIhE OEIAV-DROWrD(Ol-O0 ,3
'.070 MIJi -4AFME TIME FROM ST'AT TO ENID GF DATA ACLJUISITlltJN"DiOUNDi(02-O 3)
i0831 P-INT DATA STOFED ON DIS.K JITH FILENAhEi i';DIIi' AND (Dh
1061 OUtlPUT 'biAR'
1 082 i.OLAl
1090 G6";G Erad

1101 OUTP~F j9*-'DCIB6 6
1112 OJTF'J ?W9-DO0N3
111!) OUJTPUT 7'3' 'CC 23 12 13T'
1123 OUTPUT 72iiCT,5Yj iT lCLERS T6E ARMABSY ANd EDP OF AFMORY CARDS
11--0 O0TPlT 723,'C111' iCLEIIRS SAME FOot A hI D'S ANDb T MR PACER
114G OUTPUT ?23;'SF,2,3,1,.031,12,T' i TmE %I) IS I'S COelLIMENT BINARY

1i~~~~~~~~0~~ O'TFi ~2S~31.~,2T N 01l I ES IGNIFICANT BIT
1160 OU-PUT 723;'0F 9 3 1 ' 30i 12.7' ThE 1*1 "S FOR 12 BIT JORD SIZE

1170~ ~~ OUPT73' > I' olI 1~P S E IHE A TO D 15 12 BIT
1130 OUTPUT 723;"UF3 1

4T flffif 4d?51
1190 OUTPUT 723j'IF'16 4051 I13 40901
1':10 ! ETS 1EEAECE'JRD r"OR'JH6l TO S TUP TAKING DATA ANJD SENERATE -INTERRUPT
1210 COATPT 7j'UF,2.i,2IT UF -,1 21T' !SETS FIFO NODiE
121't OUTPUT 723;'UF,?.l IT,Jf~ ~1' 1tIf
M2' OUTP6T 723i;JF 3.IGT,UF 3.)rU,.,TFI,,TU~320)F1,IT
'10 OUTPUT 723i WF L10 F620 . 01 6F,1. 01 6TF 10 2 01 VF 103 OT"
240 1 3F;3'd~ItfEA AND PON;TER:S' JF SIJD'iEMOOY '46AR ri 'ACA PAIR Td I

1eJO QITFUT '!23i'AC,eTAC,S5T,kiC,9T,AC.I2PilAknc. CARD. Wilh GENERATE INTERRUPT
1260l OUTPUT 723 mC,3,,AC,.3T,AC,JiI,AC,i3T"
1 2 7 l;:MLT

120 JTVbT 1723;"WF 426 IT WF4,2ST' ;TWhER PACER 0IUES I PULSE OF I SEC WHEN
1290 ! 1ilawRt tY THE ELAJKIn-G PULSE (FLENTY OF TIME FOR 6 S;'ANS)
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1?91 WAIT .a
1300 :MAI NOT NED AN.' iAiT LCiWER IH41 ,S ECillbS FLR ALL CARIDS TO FILL
1151 OUT PUT 77jW 2 1 ITWF,,11" !E iABLE THE k.n~ CARL
1132 aUT?UT 739;DCfII34
13703 (1UTFJT ' ; D01 I ,2
1 713 OUTPUT 709;D1,6
'31 t WIT 2

13~K~'1L.23!WAIT i-Ok -,E .NTEiRUT
1 320 7F '~ hEti G51G 131b
133 6 OT PJ T IT, 3'; "! F V 4 ~ T" jtl;E1EC3ARY TO L-ER TIMER PACER 'INCE
13;V mhu ~i~~CAD. HAVE AUIIJNhATIC LGCKOUT bbl FOR~ ,IL WE WILL Dr. IT
115J O2=TIMED-TE

13E0 ON! ERROR GkTO Errtr.,p t1FEDED TO READ APMED CARD INTERRUPT LIST
I-g SE~il 7-UM. KA TALK 235 SEC 12 cSPECIFICALLY ASt~S FNR Ifi~iRiUFT LIST
1 E0 ihar r~af * ERTER 7;AddiesskA) !READ WHICH O;RDS INTERRUPTED
1390 nem?:ar L . rRINT uEtOk CAkDS WHICH GEI1ERATED INTERRUPTS AIE
1403 PRINT4 3ICISI - ",AddrE~iS(*)

1410 iM Addr~ss= (0)
14286 OFF ERRCR
1430 OUTPUT 723;"DC 3 6 13 jOT' !DISSARM MEM CARDS
144C OUTPUT 7!3 NI ,2,1624tf' SET UP CARD TO BE READ
1453 EVER 12OHA(f) ;ETS DATA FROM 1024 AEMaRY W'ARD
14 0 OUTJiT 7230I5;B( D I GETS DATA FROM 4096 MEMORY BOARD
1460 EFT 72O;BA EXHAUST DATA ENTERED"

14?9, 000PT 723-11 1i,4D)6T'
15W ENTER 7' ."W.
1 451 JJOUPUT ~ M ~6

H40 0 NT LE 1'iTOR DOATA ENTERED'

1 _ J A--1A THE 104:4 CARL 12. IKJLJI.ED BUT NOT SA~r-D, 11 DIDN'T
I~. 5 r IT B -. 4 ?ERFCRli jELL. ZOUILD iE AEPLACED 0Y A ;096 CAib.

h TD J:b-)E VLTAG;ES r'.E :iEGATIVE 5O 3IGNS ARE CHANGED

^K It i D,:4h f1e TO b itZ x.&
L 12) A'Stf'~i E Fi1 TO i1!FFE-' C(m)OTOR ZAVITY 4 S-AINS
1:3 Ac .1^i S f ; 1TO tUrFER Di~d Htii~ LA-41TY 4 SCANS

0,4 A'- J11 ??Li3 Id -~T X(., LS! 4 'CINS
I~ ~ f~d ~L 1 3,i1 ! SETS BUFFER F6jI1ERS TO FULL

le :' ROL. jjjrfL2 ;31 ,67 !'~1:TERFACE r'.EGIVIERS SECTION OF

3 f ~t1 0 0Di diue ORDER OF DATA INJ 7HE BISA iS
I' r ~ '" ~h k 1~ UTZ' CA~iTY-h SCAliS

1 7 , T R. F i :ibuff2 ;G Joiiilc EXriAUST -- 4 SCANS'
0/15 Ail FCZ Efl ED .file iUAIT BECAUSE OVERLAPPING
17'3 TiAi,,FcR &J f3 TO i~lli,j !TKAtJSiERS rRiE tiJT J,;TED
1715 wAT FO; ECT KLisktil
rid3 S " 1, -Liz ile a !0CLOSE I/O PATHS

! t 2 To
AL Un i !iJ '~3 TE

-781 jkT Rit

ga ' .4 ETiJ H

t' 1 C LXCri IF TrE ERRON *wAS NO', TKih EFANE

18-2 0TFL.T 7 LCL 1L' Ti.L ALTI-.AliE, TrE flMLV~R~EXTTiE VLS

16'r, A:T3
1.3. PR it;T ilEZETTiNG 1.'E;

:169 F;IAT iblI COOPI:ETED WITi ^,ALvERh4 :l'i A
11Eiij- J
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